Detailed studies of 11 segmented normal faults from five grabens in the Needles District of Canyonlands National Park, Utah, demonstrate key processes in the growth, linkage, and evolution of grabens. Field observations and stereophotogrammetry reveal a ubiquitous asymmetry in cross-sectional geometry, based on distinct map patterns of graben-bounding faults, rollover anticlines with attendant joint dilation, footwall uplift with joint closure, and spoon-shaped graben floors. Master and antithetic faults across Devils Lane and several other grabens are defined quantitatively by the displacement distributions along the faults. Two-dimensional shape parameters that characterize the displacement profiles indicate that inelastic processes such as changes in fault frictional strength influence strain accumulation along the faults. The degree of graben asymmetry increases systematically with distance from the Colorado River; greater symmetry is associated with locally greater age and/or strain of grabens nearer the river. Scatter in plots of maximum displacement vs. fault length was attributed previously to linkage of fault segments alone but is here shown to correlate additionally with distance from the Colorado River and, therefore, to spatial strain gradients within the graben array. Extensional strain across the fault array, accumulating at rates of perhaps 1.5 to 2 cm/yr or 10 -14 to 10 -13 s -1 , is accommodated at depth by salt flow and formation of reactive salt diapirs beneath the grabens and was probably initiated when the Colorado River had cut sufficiently deep into the section for active salt diapirism to commence.
INTRODUCTION
Faulting in jointed rocks involves slip along frictionally weak surfaces, mechanical interaction between faulted parts of the joints, and inelastic strain in the stepover regions between them (Fig. 1) . Earthquakes typically nucleate along fracture surfaces at depth (e.g., Scholz, 1990; Roberts and Yielding, 1994) and propagate vertically and laterally as slip patches (e.g., Martel and Pollard, 1989; Cowie and Shipton, 1998) , eventually producing large, crustalscale faults having sizable geologic offsets (Cowie and Scholz, 1992a) comparable to the faults in Canyonlands. The mechanism of faulting in Canyonlands grabens, developed in jointed sandstones, is the same as that documented in many areas in crystalline rocks such as granite in which faults nucleate on preexisting joints; in both rock types, faults increase in length by mechanical interaction and linkage of slipped joints (e.g., Martel, 1990; Martel and Boger, 1998) . However, the Canyonlands grabens differ in that (1) only parts of some joints have slipped and (2) the grabens are developed at the Earth's surface and thus preserve key details of the processes of slip-patch propagation along weak joints.
Individual normal faults can combine in three dimensions to create mechanically, aesthetically, and economically important patterns. Parallel normal faults can overlap partially, forming echelon geometries analogous to those documented for dilatant cracks (Pollard and Aydin, 1988) and strike-slip faults (Aydin and Nur, 1985) . Within the overlap, or stepover region ( Fig. 1 ), large stress and strain gradients occur (Willemse et al., 1996; Crider and Pollard, 1998) . Here, strata are flexed and faulted into patterns known variously as relay ramps, transfer zones, and accommodation structures or by other terms (Larsen, 1988; Ebinger, 1989; Bruhn et al., 1990; Morley et al., 1990; Gudmundsson and Bäckström, 1991; Peacock and Sanderson, 1994; Mack and Seager, 1995; Moustafa, 1997; Faulds and Varga, 1998) . These areas define pathways for sediment transport (Anders and Schlische, 1994) and structural traps that are of importance in large oil and gas fields throughout the world (Morley et al., 1990; Stewart et al., 1996) .
Parallel, noncoplanar normal faults that completely overlap, with small separations relative to their lengths, define grabens that commonly exhibit a greater amount of vertical stratigraphic offset (throw) on one (master) fault than on the other (antithetic) fault. Such asymmetric grabens (Gibbs, 1984; Rosendahl, 1987; Groshong, 1989; Jackson and White, 1989) can display a rich assemblage of topographic features (Davison, 1994) such as footwall uplift (Weissel and Karner, 1989 ) and hanging-wall subsidence (Gudmundsson and Bäckström, 1991) . These topographic elements increase in amplitude from zero at the graben terminations to maximum values near the middle regions of the fault, tracking the shape of the displacement distribution and location of maximum offset, D max (e.g., Barnett et al., 1987; Pollard and Segall, 1987; Walsh and Watterson, 1987; Bürgmann et al., 1994) .
Scaling relationships between the maximum value of displacement along a fault and its map length have been refined during the past decade (Peacock and Sanderson, 1996; Clark and Cox, 1996; Cartwright et al., 1995 Cartwright et al., , 1996 Bürgmann et al., 1994; Cowie and Scholz, 1992b; Walsh and Watterson, 1987) . Discrepancies over specific values for the scaling-law parameters result in part from insufficient data from faults of differing scales, amounts of linkage, and rock types. Whereas knowledge of only D max may be sufficient to discuss displacement vs. length scaling relationships at a general level (e.g., Cowie and Scholz, 1992b; Schultz, 1997) , profiles recording displacement variations along the length of the fault are required to understand and predict fault-slip behavior (e.g., Cowie and Scholz, 1992c; Scholz et al., 1993; Bürgmann et al., 1994; Peacock and Sanderson, 1996; Dawers et al., 1993; Dawers and Anders, 1995; Caskey et al., 1996) and ramp kinematics (Schultz and Moore, 1996; Cartwright and Mansfield, 1998) .
We report results from the unusually well preserved grabens in Canyonlands National Park that provide insights into displacement accumulation and strain accommodation along closely spaced normal faults and their interactions with subjacent evaporites that flow in a ductile manner. We document a pervasive and important asymmetry in the cross-sectional form of the grabens, in contrast to prior suggestions of symmetric structures (McGill and Stromquist, 1979; Cartwright et al., 1996) , and use concepts of balanced cross sections and salt tectonics (e.g., Jackson, 1995) to interpret these structures. We measure displacement distributions along graben-bounding normal faults and use two-dimensional parameters for characterizing the shapes of the displacement distributions. These segmented echelon normal faults follow a general displacement vs. length scaling relationship (Cartwright et al., 1995) comparable to many other fault sets (e.g., Cowie and Scholz, 1992b; Clark and Cox, 1996) . We demonstrate that D max varies systematically by a factor of four across the Needles District (normal to strike) and suggest that segment linkage may be one of several factors in the scaling relationships (compare with Cartwright et al., 1995 Cartwright et al., , 1996 . While the Canyonlands grabens are apparently forming in response to localized stress perturbations and in association with ductile flow of subjacent evaporites, their general characteristics are surprisingly similar to those of both smaller and larger grabens elsewhere (e.g., Larsen, 1988; Ebinger, 1989; Jackson and White, 1989; Bruhn et al., 1990; Morley et al., 1990; Gudmundsson and Bäckström, 1991; Peacock and Sanderson, 1994; Trudgill and Cartwright, 1994; Mack and Seager, 1995; Bruhn and Schultz, 1996) although their specific geometries are strongly influenced by the strength anisotropy associated with the preexisting joint set (e.g., McGill and Stromquist, 1979) .
GEOLOGIC BACKGROUND
The Needles District fault zone defines an arcuate, northwest-trending system of grabens (McGill and Stromquist, 1979; Trudgill and Cartwright, 1994; Cartwright et al., 1995; Schultz and Moore, 1996) . The grabens occur from the confluence of the Green and Colorado Rivers in the north to Gypsum Canyon (outside the study area) in the south (Nuckolls and McCulley, 1987; Fig. 2) . Most of the grabens occur to the east of the Colorado River for at least 5 km; a few grabens occur to the west, including Surprise Valley (Fig. 3) . In this paper we focus on grabens along a traverse in the northern part of the region. The grabens range from about 100 m to 6 km in length and are generally spaced 700 m to 1000 m apart. Widths at the surface range from less than 100 m to more than 400 m; graben depths (exposed stratigraphic offsets along the faults) range from less than 25 m to more than 100 m (McGill and Stromquist, 1975; Cartwright et al., 1995) . Graben floors are draped by a combination of Quaternary colluvial, eolian, and alluvial sediments (Biggar, 1986 ) that creates a smooth, subhorizontal surface. The sheer walls and flat floors of these grabens make them popular tourist attractions.
The grabens have challenged geologists at least since the early twentieth century (Harrison, 1927; Baker, 1933) . The tributary canyons near the grabens were cut by the Colorado and Green Rivers, resulting in erosion and localized unloading of the strata overlying the Pennsylvanian Paradox Member of the upper part of the Hermosa Formation (Lewis and Campbell, 1965) during Pleistocene to Holocene time (Hunt, 1969; McGill and Stromquist, 1974) . The grabens deform an ~460-m-thick section of clastic sedimentary rocks that overlie gypsum and other evaporites in the Paradox Member (Fig. 2) . The brittle sequence exhibits a gentle regional slope of about 4° to the west, or less, down the flank of the older Monument upwarp (Elston et al., 1962; Stevenson and Baars, 1986) . Downdip sliding of the sequence and/or flow of subjacent Paradox evaporites is thought to have formed the grabens in the overlying rocks (e.g., Baker, 1933; Lewis and Campbell, 1965; McGill and Stromquist, 1975; Huntoon, 1982; Trudgill and Cartwright, 1994; Cartwright et al., 1995) . Unloading of the end of the clastic sequence at the Colorado River gorge (Harrison, 1927) and formation of the Meander anticline (Potter and McGill, 1978; Huntoon, 1982) at the gorge by salt diapirism imply that Needles District grabens nucleated first near the river (likely beginning with Red Lake Canyon: Biggar, 1986 ) and decrease in age eastward (e.g., McGill and Stromquist, 1979; Huntoon, 1982; Biggar, 1986; Ely, 1987) . Our independent results support this scenario.
Past and present deformation due to salt flow is common in southeastern Utah; there are several salt-cored anticlines in the region (Witkind, 1994) such as the Meander anticline along the Colorado River and others along smaller canyons (Potter and McGill, 1978; Huntoon, 1982) . Deformation of Quaternary sediments to the north in Salt Valley (Cruikshank and Aydin, 1995) and minor Quaternary salt-related slip of the Moab fault and other nearby faults suggest contemporary ex- tension associated with salt flow. Within the Needles District, evidence cited for continuing extension includes possible topple failures (Adhikary et al., 1997) of vegetated slabs (Trudgill and Cartwright, 1994) and dilating cracks along many graben walls (swallow holes : Ely, 1987; Biggar and Adams, 1987) and near their terminations (Cartwright and Mansfield, 1998) . However, it is interesting that the Needles District fault zone is not seismogenic (Wong et al., 1987 although aseismic creep along some faults has been reported or inferred during historic times (Lewis and Campbell, 1965; G. E. McGill, 1997, personal commun.) .
METHODS

Field Investigation
Our field work focused on understanding the three-dimensional geometry of the grabens, their relationship to the prominent joint sets (Fig. 4) , and the implications for salt involvement and mechanical behavior of the structures. We used Lewis and Campbell's (1965) stratigraphy (Fig. 2) rather than more common stratigraphic conventions (Baars, 1962; Huntoon et al., 1982) in order to facilitate the identification of stratigraphic offsets across the grabens. Lewis and Campbell's units are readily identified from a distance (see also the reevaluation of Baars's nomenclature by Loope [1984 Loope [ , 1985 ) and, therefore, are more convenient for field-based structural analysis (McGill and Stromquist, 1979) . Previous structural investigations of the grabens, including Stromquist's seminal works (1974, 1979) as well as later studies (Trudgill and Cartwright, 1994; Cartwright et al., 1995 Cartwright et al., , 1996 , follow this convention, and differences in terminology are not important to the present study. The basal Paradox Member of the Hermosa Formation is composed of unmistakable gray and white evaporites. These are exposed locally in tributary canyons as emergent salt diapirs. The upper part of the Hermosa Formation is a series of thick-bedded limestones, shales, and sandstones that form steep gray cliffs. The overlying Rico Formation consists of thinly bedded limestones, shales, and sandstones that form steep, stair-stepping red cliffs. Finally, the Cedar Mesa Sandstone Member (Cutler Formation, Permian) is composed of interbedded tan sandstones and red siltstones, and fine-grained sandstones (Loope, 1984) ; this unit weathers into toadstool-like blocks and provides a distinctive stratigraphic marker and cap rock in grabens such as Devils Lane.
Stereophotogrammetry
Data collected from aerial photographs were used to confirm and quantify key stratigraphic relationships recognized in the field. Our laboratory study used a Kern PG-2 stereophotogrammetric plotter to determine both relative and absolute elevation data. This instrument allowed us to calculate the scarp height of the graben-bounding faults with ±2 m relative precision (Messerich, 1989; Banks, 1982) . Scarp relief (cap rock to graben floor) was measured at regular 100 m intervals along each fault; in the Needles District, relief is a close approximation of structural offset (McGill and Stromquist, 1979; Trudgill and Cartwright, 1994; Cartwright et al., 1995) . The topographic profiles record displacement variations for the entire length of the fault that can be normalized to total fault length and maximum displacement. Our aerial photograph-based measurements generally compare well with values along the central part of Devils Lane graben reported previously by Trudgill and Cartwright (1994;  shaded areas in Fig. 5 ). Details of the technique are given in Appendix 1. The grabens selected for our work have well preserved, nearly vertical walls (in the upper 100 m of the section) and are between 2 and 5 km long.
RESULTS AND DISCUSSION
Field Relationships
At the surface, most graben walls are nearly vertical, but in welldeveloped, deep drainages (e.g., Lower Red Lake Canyon), the fault dips decrease to ~75°-85° Stromquist, 1974, 1979; Stromquist, 1976; Trudgill and Cartwright, 1994) . This interpretation is supported by independent observations of two colluvium-filled fault fissures dipping 70° about 300 m below the graben floor near Cataract and Cross Canyons (Ely, 1987) . Recent workers (Cartwright et al., 1995 (Cartwright et al., , 1996 have postulated that the graben-bounding faults remain vertical to subvertical for 400-500 m from the surface (depth to the Paradox evaporites); however, this geometry is suspect because few, if any, grabens are exposed vertically for 500 m in cross section in the Needles District (Lewis and Campbell, 1965; Huntoon et al., 1982) . We reconfirmed McGill's observations by visiting the same exposures with him in May 1997, noting that all graben-bounding normal faults observable in cross section dip at 75° or less at some depth below the surface.
Faults in the study area are almost exclusively normal. Slickensides are poorly preserved on the fault surfaces; where slickenlines are found, rakes are approximately vertical (90°), an indication of pure dip-slip displacement. Tool marks and casts of grooves in fault-filling calcite mineralization in several localities (especially near ramps in the young and well-preserved Devils Pocket grabens) indicate that the faults were in frictional contact when they slipped, in contrast to some previous suggestions. Subsequent opening and/or slip events are associated with calcite deposition along many of the faults. Joints that did not slip and become faults are not commonly found associated with calcite coatings in the areas investigated. Other faults with reverse displacement are documented at deep structural levels (300 m down from the surface) close to Cataract Canyon (Ely, 1987) , in the core of the Meander anticline (Huntoon, 1982) and within the Rico Formation near Chesler Canyon (observations by J. Moore).
Displacement Distributions
Displacement distributions for representative grabens are shown in Figure 5 . Devils Lane graben, probably the best-studied graben structure in the Needles District (e.g., McGill and Stromquist, 1979; Trudgill and Cartwright, 1994) , is composed of two closely spaced, right-stepping, echelon grabens; the stepover between them is located at S.O.B. Hill. The Devils Lane system is composed of four main fault segments, all of which interact mechanically-a conclusion inferred, in part, from relay ramps of flexed strata and cross faults in the stepover region between the faults (Trudgill and Cartwright, 1994) . Strike projections of vertical offset (Fig. 5 ) demonstrate tapered displacement profiles near fault terminations (where exposed or preserved) and maximum values of displacement located near the fault midpoints. In Devils Lane, steeper displacement gradients for the individual fault segments occur where they approach each other, near the stepover, implying significant mechanical interaction (Willemse et al., 1996) and displacement transfer between the segments (Peacock and Sanderson, 1994; Willemse, 1997) . Changes in the frictional properties along the fault, spatial gradients in the stress field, mechanical interaction between adjacent fault segments, inelastic deformation near fault tips, and variations in host-rock elastic modulus can produce asymmetrical, skewed slip distributions (Bürgmann et al., 1994) similar to those observed along individual fault segments in Devils Lane.
The intersection of the dipping ramp and vertical fault wall ( Fig. 6 ) graphically reveals a spectacular near-tip displacement profile along the antithetic fault of northern Devils Lane graben. Recent field work (Schultz and Moore, 1996) has shown that graben-bounding faults in the Needles District can exhibit displacements of 1-2 m extending perhaps hundreds of meters beyond the ends of classically defined ramps. Such gently tapered distributions, reminiscent of slip patches along joints (Martel and Pollard, 1989) , are prima facie evidence for inelastic deformation or nonuniform loading of faulted rock (Bürgmann et al., 1994) . The nearly asymptotic near-tip profile is consistent qualitatively with a cohesive-zone model providing for inelastic deformation and finite stress magnitudes at the fault tips (Cowie and Scholz, 1992c; Scholz et al., 1993; Carter and Winter, 1995; Martel, 1997) and spread of patches of normal-fault slip along weak joint surfaces.
Displacement vs. Length Scaling
Interaction and/or linkage of individual segments can create a composite slip distribution resembling that of a single fault (Dawers and Anders, 1995; Willemse et al., 1996; Fig. 5) , although the value for the maximum displacement along the composite, interacting fault array (composed of closely spaced fault segments) is somewhat less than that of an equivalent single continuous surface (Segall and Pollard, 1980; Willemse, 1997) . Cartwright et al. (1995 Cartwright et al. ( , 1996 suggested that large variations in displacement/length (D max /L) ratios of individual segments could be attributed to a disequilibrium between accumulation of displacement along discontinuous fault segments and their propagation (e.g., Peacock and Sanderson, 1996) . This phenomenon would imply that certain fault structures do not maintain a critical aspect ratio during slip, as implied in some solutions of cohesive-zone models of fault growth (Cowie and Scholz, 1992c; Scholz et al., 1993) . Displacement data measured for Devils Lane graben (Fig. 5 ) are given in Table 1 for the individual (unlinked) fault segments and for the summed (linked) fault sets. D max /L ratios for the unlinked fault segments range from 2.0 × 10 -2 to 5.2 × 10 -2 , varying by less than a factor of three. The summed faults define D max /L ratios of 2.1 × 10 -2 to 2.4 × 10 -2 ; the ratios decrease relative to the unlinked segments because linkage increases fault length relatively faster than the total displacement, resulting in a flatter displacement profile. The value of D max /L for the composite Devils Lane faults is comparable (within a factor of two) to that for the individual fault segments. We infer that other processes in addition to segment linkage are required to fully account for factor-of-five variations in the displacement vs. length scaling relationships demonstrated for Canyonlands grabens (Cartwright et al., 1995) . However, fault interaction and linkage do appear to shift the D max /L ratio to somewhat smaller values, during the growth process, relative to those appropriate for the fault segments.
Average Displacement and Displacement Area
Whereas D max represents a sample of only one point along a displacement distribution, two-dimensional parameters such as average displacement D avg , or displacement area D area , represent a more stable and informative characterization of the shape of the distribution. In particular, D avg /D max can reveal differences between an ideal elastic profile, linearly varying profiles (Bürgmann et al., 1994) , and profiles with various degrees of taper related to cohesive-zone models of fault terminations (Cowie and Scholz, 1992c; Martel, 1997; Willemse and Pollard, 1998) . On the other hand, displacement area (calculated by multiplying the sum of the displacement measurements by the distance between each measurement) is an even more elegant description of fault slip because it explicitly reflects the size (length and displacement) of the fault. Displacement area can be related to the work done by applied loads (e.g., Cowie and Scholz, 1992a) to create the fault surface area. Both of these two-dimensional quantities are necessary for the quantitative restoration of regional strains due to faulting (e.g., Gauthier and Angelier, 1985; Marrett and Allmendinger, 1990) .
Appropriately normalized values of the average displacement, along with normalized area of displacement (Table 2) , can succinctly recover important details of the displacement distribution along isolated or linked faults (e.g., Cowie and Scholz, 1992c) . We convert the displacement profiles to dimensionless form by dividing the measured displacement values D by D max and relating the horizontal position of the displacement measurement along the fault, x, to the total fault length, 2a, where -1 ≤ x/a ≤ 1 (e.g., Bürgmann et al., 1994; Moore, 1997; Fig. 7a) . By removing the effect of variable fault length, the Canyonlands slip displacement distributions can be compared directly to ideal shapes predicted by various models, such as elliptical (elastic), cohesive zone (tapered profile in Fig. 7a) , and linear. The reference values for average displacement and displacement area of the ideal shapes are as follows: elastic, D avg = 0.77, D area = 1.57; typical tapered profile , D avg = 0.52, D area = 1.07; and linear, D avg = 0.50, D area = 1.00.
Uncertainties in measuring the displacement distributions introduce some error into the normalized equivalents. For faults having D max = 100 m, the measurement precision of ±2 m in elevation suggests that displacement values (D max ) vary within ±5%. Uncertainty in fault length centers on difficulties in precisely locating the zero-displacement point (M. Willemse, 1977, personal commun.) , particularly where the faults exhibit long, gently tapering profiles such as in Devils Lane ( Fig. 6 ; Schultz and Moore, 1996) . For a typical graben such as Devils Lane, with L = 4500 m, a 100 m horizontal uncertainty in locating the fault tips leads to a change in length (to 4700 m) of only 0.1%. Alternatively, using the ±2 m vertical precision cutoff to "locate" the fault termination (D ≤ 4 m) contributes a horizontal uncertainty of perhaps 200 m, or <<1% of L. These uncertainties are sufficiently small that their influence on the shape comparison is not significant.
The two-dimensional shape parameters for Canyonlands faults are compared in Figure 7b with the ideal cases. Perfectly elastic displacement profiles would have elliptical shapes; every Canyonlands fault exhibits displacement-distribution shapes that are decidedly nonelliptical. The ramps formed near the ends of perfectly elastic faults would have steep dips (approaching 90°); in contrast, the ramps along Canyonlands faults (e.g., Fig. 6 ) are characterized by quite gentle dips (<10°: Trudgill and Cartwright, 1994) , thus requiring an inelastic response of the jointed rock mass (Schultz, 1996) surrounding the fault (e.g., Schultz and Moore, 1996) . Elastic profiles imply negligibly small end zones (length <<0.005L), large (singular) stress concentrations, and indefinitely strong rock at the fault terminations; none of these features would be expected for the joint surfaces observed beyond the faults. Tapered displacement profiles and gentle near-tip displacement gradients are consistent with those associated with localized slip along preexisting joints (e.g., Martel and Pollard, 1989) having relatively small shear strengths. Linear profiles may indicate variation in frictional properties as a function of displacement magnitude along the fault surface (Bürgmann et al., 1994) . The nonelastic displacement profile shapes shown in Figure 7b suggest a broad range of possible cohesive-zone sizes that may span the entire fault length (Willemse, 1997) .
The fault-shape data in Figure 7b (Table 1) . However, linkage of the eastern and western faults (Fig. 5) reduces the ratio, shifting the points to the lower left on the plot. The master faults in Devils Lane (ratios of 0.47 and 0.51) show a linked value of 0.44, whereas the antithetic one (individual ratios of 0.33 and 0.46) has a ratio of 0.32. Antithetic faults exhibit flatter displacement distributions than do the master faults regardless of whether the faults are considered to be discrete segments or linked. The dependence of D avg /D max on fault segment linkage may explain why several of the points in Figure 7b have such small ratios, (Fig. 3) 
; faults on western sides of grabens (W) and unequal D max values for same graben identify facing directions of master faults (west dipping, inner domain; east dipping, outer domain).
given that the faults are likely composed of several linked segments but are mapped as single faults (Trudgill and Cartwright, 1994) .
We find a good correlation between average and maximum displacements for 11 Canyonlands faults, with D avg /D max = 0.56 ± 0.10 (n = 11 faults). A comparable value (D avg /D max = 0.62 ± 0.06, n = 15 faults) is reported for a population of smaller (24 m ≤ L ≤ 2210 m) normal faults in welded Bishop Tuff from Owens Valley, California . Their data set also includes echelon segments and a fault composed of bridged echelon ("hard-linked") segments. The values of normalized average displacement,~0.6, suggest tapered shapes for those fault-displacement distributions (Fig. 7) . In both cases (Canyonlands and Bishop Tuff), the normal faults likely nucleated along preexisting joints, implying that the shapes of the displacement profiles associated with this process are similar, despite differences in rock type (welded tuff vs. jointed clastic rocks) and scale.
Comparison of displacement area, D area (or, equivalently, average displacement), across opposing faults of the same graben permits quantification of the degree of cross-sectional symmetry of the graben-bounding faults. We define an asymmetry factor F = (M -A)/M, where M is D area of the master fault (the greater D area value) and A is that for the opposing fault (the lesser D area value). For grabens whose faults have equal stratigraphic offsets and hence are perfectly symmetric, F = 0; asymmetric grabens have F > 0. Previous work noted only minor variations (i.e.,~10%) in displacement for graben faults (Trudgill and Cartwright, 1994) or suggested complete symmetry (McGill and Stromquist, 1979) .
Our profiles reveal asymmetry factors approaching 40% across several grabens including Devils Lane, demonstrating a large degree of asymmetry in the geometry of Canyonlands grabens. Moreover, the differences in throw are consistent with other distinctive characteristics, such as rollover anticlines and footwall uplifts (discussed in a later section), that suggest that the kinematics and mechanics of normal faulting in the Canyonlands are better described by asymmetric-graben models (e.g., Rosendahl, 1987) rather than by symmetric, keystone-collapse models. Indeed, physical experiments by Ge and Jackson (1998) suggest that the geometry of faulting characteristic of Canyonlands grabens is inconsistent with the suite of normal and reverse faults associated with downward displacement of a "plug" in response to withdrawal of subjacent salt.
It is interesting that the degree of asymmetry is found to vary systematically with distance from the Colorado River (Fig. 8a) . The easternmost graben used for this comparison, Devils Pocket, has an asymmetry factor F of 39%. This result is larger than the asymmetry factor F of 32% found for the Devils Lane graben system. Closer to the river, F decreases to 22% for Cyclone Canyon. The westernmost graben considered in this analysis is southeast Twin Canyon, where F is only 11%. The progression in graben asymmetry is superimposed on a previous separation of the Needles District grabens into two domains, based on "complexity" of graben structure: an inner domain close to Cataract Canyon (Fig. 3) , defined in part by tilted beds between grabens, and an outer domain farther away, defined by a simpler pregraben stratigraphic sequence (Stromquist, 1976; McGill and Stromquist, 1979) . Examination of the sense of graben asymmetry shows that the grabens within the inner domain typically have west-facing master faults, whereas the outer domain exhibits east-facing (counter-regional) master faults (Schultz and Moore, 1996; Fig. 8a ). More complex grabens like those found in the inner domain (McGill and Stromquist, 1979; Schultz and Moore, 1996) have more symmetric cross-sectional geometry than the simpler, more asymmetric grabens in the outer domain. Although the specific mechanisms for these progressions remain to be clarified, the change in graben geometry is consistent with previous suggestions (McGill and Stromquist, 1979; Huntoon, 1982) that the grabens closer to the Colorado River are oldest and/or show the greatest amount of strain, resulting in a greater degree of symmetry (e.g., Rosendahl, 1987) .
The degree of graben asymmetry is not the only factor that varies across the strike of the graben array. Fault-slip data for the grabens along our traverse are listed in Table 2 . We find that D max also changes significantly as a function of distance from the Colorado River (Fig. 8b) , decreasing with the ~5 km distance by about a factor of four. However, other parameters including fault length do not show such a correlation. We infer that older grabens in the Canyonlands are characterized by D max /L ratios of 3 × 10 -2 to 6 × 10 -2 (data for the southeast and northwest faults bounding Twin Canyon graben, Table 2 ), whereas younger ones still accumulating displacement generally show smaller ratios (e.g., Devils Pocket, Table 2 ). The graben faults apparently maintain a displacement profile (1 × 10 -2 < D max /L < 6 × 10 -2 ) that shows moderate variations with increasing strain. These variations are likely related to the mechanical interaction between graben faults, which can enhance or impede lateral propagation for a given amount of displacement (e.g., Segall and Pollard, 1980; Aydin and Schultz, 1990; Willemse et al., 1996; Willemse, 1997) , and to the systematic dependence of normal-fault geometry and linkage with increasing strain (as demonstrated by Cladouhos and Marrett, 1996) .
Cross-Sectional Graben Geometry
Previous interpretations of the cross-sectional geometries of Canyonlands grabens were conceptual and schematic. Baars (1993, p. 98 ) inferred a down-to-the-west listric geometry for graben faults but curiously omitted the required tilting of surface rocks in his sketch. McGill and Stromquist (1979) inferred a symmetric geometry based on their interpretations of the near-surface structure and physical modeling studies. Using a modern framework of graben kinematics, Trudgill and Cartwright (1994) inferred that both graben faults may be listric, with one fault extending deeper toward the Paradox evaporites than the other. Cartwright et al. (1995 Cartwright et al. ( , 1996 hypothesized that graben blocks sink into the Paradox evaporites as plugs. Our results using quantitative methods support the qualitative interpretation of Trudgill and Cartwright (1994) but extend beyond their suggestions by incorporating precise topography along with recent concepts of fault kinematics, reactive diapirs (Vendeville and Jackson, 1992) , and area-balanced Geological Society of America Bulletin, June 1999 cross sections to provide testable predictions of the subsurface structure of the grabens.
We identify the following coherent assemblage of five characteristics for the grabens that demonstrate a clear asymmetric geometry in cross section (Schultz and Moore, 1996) . These attributes, either individually or in concert, are persuasive indicators of asymmetric cross-sectional geometry, and they appear to apply to all grabens in the Canyonlands where the observations can be made.
1. There are significant differences in the amount of stratigraphic offset across asymmetric grabens (Fig. 9) . These differential offsets, indicating master and antithetic faults, are documented in grabens that vary widely in size (e.g., Devils Pocket, Devils Lane, Cyclone Canyon, Red Lake Canyon).
2. The graben-bounding faults form a distinctive map pattern. The fault having greater stratigraphic offset (master fault) is continuous along the graben's length (Fig. 10) , whereas that of the facing graben wall (antithetic fault) is discontinuous, segmented, and echelon.
3. Rollover anticlines formed adjacent to the antithetic fault appear related to the translation of strata down the master fault, resulting in local flexure (e.g., Higgs et al., 1991 ). An interesting related fact is that the widths of preexisting regional joints that parallel the graben also differ considerably across a graben: their greater widths (individual joint openings of perhaps several meters) on the antithetic side ( Fig. 10) are associated with increased surface area and bending of the jointed rocks along the upper, outer surface of the rollover anticline. 4. Footwall uplift and gentle flexure, at least tens of meters in amplitude, occur adjacent to the master fault; these deformations decrease both along strike toward the fault terminations and across strike away from the fault trace. Preexisting joints are closed in the footwall area.
5. Preliminary seismic refraction results (Bush et al., 1996) demonstrate substantial floor tilt in northern Devils Lane graben, down toward the master fault and deeper (>65 m) in the center of the graben than near the ends (~15 m). The graben floor may be described as "spoon shaped," or deepest in the center and tilted down toward the master fault, beneath the overlying sedimentary wedge.
Tilted strata located in the hanging walls of the master graben faults dip into the graben at twice the regional slope (as steep as ∼10°). Previous workers suggested that slab rotation and toppling into the graben-floor area was responsible for the stratal tilts (e.g., McGill and Stromquist, 1979; Trudgill and Cartwright, 1994) . A simple kinematic analysis, however, demonstrates that toppling is not favored for most jointed slabs adjacent to graben walls. Toppling is governed by the relationship tan θ = s/h, where θ is the mini- mum tilt angle, s is the characteristic joint spacing, and h is block height (West, 1995, pp. 291-296) . If typical values of joint spacing s = 5-15 m and stratal tilts of 4°-8° are used, the relationship predicts that blocks up to 90 m in height will be stable against rotational failure into the graben (Fig. 11) . Because most slabs on the antithetic sides of the grabens are less than 40 m in height, toppling is not considered to be an important or common mechanism for slab rotation. A hypothetical instance of toppling may occur early in the development of a graben, where very thin slabs might be rotated in association with flexure of the hanging wall due to slip on the master fault; if so, this process should occur before the formation of an antithetic fault. We note in passing that beds that dip into the graben interiors are found only on the antithetic sides or in ramps and stepovers; the restriction of dipping beds to one side of a graben is not explained by a model of topple failure into symmetric grabens (e.g., McGill and Stromquist, 1979) .
Balanced cross sections, developed originally for regions dominated by thrust tectonics (e.g., Dahlstrom, 1969) , are being used increasingly for extensional-tectonics problems, asymmetric grabens, and salt systems (Gibbs, 1984; Groshong, 1989; Jackson and White, 1989; Roberts and Yielding, 1994) . Rigorously balancing cross sections requires special techniques in regions of salt tectonics and evaporite flow (Schultz-Ela, 1992; Vendeville and Jackson, 1992; Schultz-Ela and Jackson, 1996; Nalpas and Brun, 1993 ) that can render even balanced cross sections nonretrodeformable if salt migration into or out of the specific section is not also taken into account.
An area-balanced cross section has been constructed for the wellconstrained southern end of northern Devils Lane graben (Fig. 12 ) located about 100 m north of S.O.B. Hill. Slip along the master fault is associated with deformation of the hanging wall, producing an extensional fault-bend fold (Groshong, 1989) . The graben width of ~140 m is well predicted from the fault geometry by using the 80 m offset measured along the section line. We infer that slip along the master fault occurred first (allowing the use of Groshong's [1989] half-graben methodology), followed by nucleation and slip along the antithetic fault, consistent with observations and analyses of other grabens (e.g., Melosh and Williams, 1989; Vendeville and Jackson, 1992) . The potential void created at depth due to small (~10 m) flexure of the footwall (Weissel and Karner, 1989 )-as we and others (Trudgill and Cartwright, 1994) have observed in several grabens in Canyonlands and as implied by the fault offsets-is probably accommodated and filled by upward salt flow, producing an asymmetric reactive diapir (Vendeville and Jackson, 1992; under the graben. The cross section predicts that the top of the underlying Paradox evaporites should be offset by ∼40 m (the difference between the throws of the master fault and the antithetic fault) for this medium-sized graben.
A schematic cross section through the northern Needles District (Fig. 13 ) incorporates the precision topography along with the systematic facing direc- tions of the master faults. Larger grabens such as Cyclone Canyon or Red Lake Canyon may be underlain by much larger salt diapirs than the diapir beneath Devils Lane (Fig. 13) , given their greater displacements (Vendeville and Jackson, 1992 ; see remarkably similar physical model results by McGill and Stromquist, 1979) . Red Lake Canyon is sufficiently wide and deep that its subjacent salt diapir may be either reactive or active (as discussed in a later section), depending on the details of graben configuration and the thickness of sedimentary fill (Vendeville and Jackson, 1992; Schultz-Ela et al., 1993) .
The sedimentary section appears to be responding to extension over a viscous evaporite substrate by necking and boudinage (e.g., Johnson and Fletcher, 1994, p. 379-381; Triantafyllidis and Leroy, 1994) , similar to the experimental results reported by McGill and Stromquist (1979) . This behavior implies that the overall deformation mechanics of the necking plate (including its interaction with subjacent evaporites) may also be a contributing factor in the displacement distributions (Ely, 1987) -and thereby in the displacement vs. length scaling relationships-along the graben-bounding faults.
Extension and Strain Rate
Estimates of the amount of extension above the Paradox Member, or of the strain rate associated with graben faulting, have not been made previously to our work. Construction of topographic profiles normal to the grabens allows an estimation of the extension in the northern Needles District fault zone to be made (Schultz and Moore, 1996; Moore, 1997) . Calculation of the throw and heave for each graben-bounding normal fault in a transect allows the comparison of the original and deformed length of the transect. Application of this process to a transect in the northern part of the Needles District suggests an original length of 5.18 km and a deformed length of 6.47 km. These values yield an extension of 25% along the transect [(6.47 -5.18 
The extension value can be combined with the suggested age of the grabens to determine a strain rate. Paucity of datable Quaternary materials makes age determination on the Colorado Plateau challenging (S. N. Biggar, 1996, 1997, personal commun.) . The oldest sediment at the base of a swallow hole in an unnamed western graben was found to be 60-65 ka (Biggar, 1986; Biggar and Adams, 1987) . This is considered to provide an estimate for the minimum age of the graben system, and the sediment was thought to have been deposited when about 25% of today's graben system had formed (Biggar, 1986) . Use of this age produces a maximum strain rate because the grabens must be older than the sediment that fills them. The strain rate using this young date is about 10 -13 s -1 [0.25/(2.05 × 10 12 s)] or about 2 cm/yr [(1.29 × 10 5 cm)/65 000 yr]. Biggar (1986) postulated an age of approximately 85 000 yr for the initiation of extension in the Needles District. Use of this age decreases the strain rate by less than an order of magnitude (10 -14 s -1 ) or to about 1.5 cm/yr.
The grabens are located within the Colorado Plateau, a region of moderately low natural earthquake activity . It is notable that the grabens as well as larger faults in the Paradox basin area such as the Moab fault are aseismic (Wong et al., 1987) . The only recorded activity between 1979 and 1986 in the Needles District was a cluster (February-March 1984) of 21 microearthquake events (M L ≤ 1.8) with hypocenters 6-10 km deep (Wong et al., 1987) , which is far below the depth of Canyonlands grabens (~500 m). Faults in the region as large as those in the Canyonlands should normally produce earthquakes with magnitudes of M L ≤ 4-5 and repeat times of 100-200 yr (J. Moore, unpublished data, 1997; Wong et al., 1987 Wong et al., , 1996 .
The lack of seismicity along the faults has been attributed to their confinement to shallow crust by subjacent salt (e.g., Wong et al., 1996) . This notion appears equivalent to stating that frictional sliding in the upper 500 m of the crust is stable (Marone and Scholz, 1988) with this creep-like behavior dependent on normal stress; rock, fault-zone, and rock-mass properties; slippatch size; and environmental conditions (Scholz, 1990, p. 85-88) . A full discussion of the stability of frictional sliding is beyond the scope of this paper. However, given the remarkably high strain rates implied for the district, if correct, we suggest that detailed studies of the Canyonlands grabens including Global Positioning System surveys may elucidate the mechanics of slip along these interesting structures, especially in the youngest, most asymmetric grabens and near stepovers where the maximum strain rates should occur.
Salt Tectonics
The Canyonlands grabens are comparable to other fault arrays produced in physical (Vendeville and Jackson, 1992; Childs et al., 1993; Nalpas and Brun, 1993; Guglielmo et al., 1997) and numerical (Schultz-Ela and Jackson, 1996 ) models of salt tectonics as well as documented field examples Jackson, 1995; Stewart et al., 1996) . Common attributes include systematic fault spacing on the suprasalt cover (Schultz-Ela and Jackson, 1996) , asymmetric graben geometry (e.g., Vendeville and Jackson, 1992; Childs et al., 1993; Nalpas and Brun, 1993; Schultz-Ela and Jackson, 1996; Stewart et al., 1996) , and reactive diapirs or salt rollers below the grabens (McGill and Stromquist, 1979; Vendeville and Jackson, 1992; Childs et al., 1993; Stewart et al., 1996) .
Extension of brittle strata in the Needles District produced asymmetric grabens that thinned the overburden and differentially loaded the salt, promoting the localization and ascent of reactive diapirs beneath the grabens . Plausible rates of salt flow of >200 cm/yr (strain rates of 10 -11 to 10 -9 s -1 ; Talbot and Rogers, 1980; Talbot and Jarvis, 1984; M. Jackson, 1997, personal commun.) derived from salt glaciers far exceed the maximum rates of extension of the brittle sequence calculated above (strain rates of 10 -13 to 10 -14 s -1 ), demonstrating that ductile salt deformation can easily keep pace with graben faulting. The transition from reactive diapirs, whose rise rate is controlled by the rate of crustal extension, to active diapirs, whose rise rate is controlled by the salt viscosity, can occur when the overburden is thinned by at least two-thirds to three-quarters of its original thickness (Vendeville and Jackson, 1992; Schultz-Ela et al., 1993) . On the basis of the modeling results of , salt diapirism below Devils Lane graben, which is ~100 m deep and ~200 m wide, is unequivocally reactive (Jackson and Vendeville, 1994, Fig. 9b) . A 200-m-wide graben would need D max > 275 m for salt diapirism below it to become active and intrude upward into the stratigraphy. Because D max occurs either near fault midpoints or in the stepover regions between echelon faults (Fig. 5) , the largest reactive diapirs should underlie these parts of the graben and decrease in amplitude along strike.
If the initiation of extension is assumed to be related to lateral unloading due to downcutting of the Colorado River (e.g., McGill and Stromquist, 1979; Huntoon, 1982) -and if a typical width of 1 km for the gorge with heights of ~360 m and ~530 m for the northern (near Lens Canyon) and southern (near Y Canyon) ends of the Needles District fault array, respectively, is used-then salt diapirism is predicted to be active in the north and formerly active, or emergent (salt exposed at the surface), in the south. This prediction is borne out by the exposures of Paradox evaporites to the south of Spanish Bottom but not to the north, near the study area (e.g., Potter and McGill, 1978) . The critical overburden thickness for active diapirism to be initiated at the Colorado River is ~130 m, corresponding to the thickness of the Cedar Mesa Sandstone Member (of the Cutler Formation) and Rico Formation rocks (Stromquist, 1976 ). It appears that the active salt flow, the unloading and flexure of strata to form the Meander anticline (Harrison, 1927; Potter and McGill, 1978; Huntoon, 1982; , and the extension of the sequence to nucleate graben faults were begun where the river had carved down through much of the Permian section.
CONCLUSIONS
This research clarifies the structural geology of the Needles District fault zone and has direct implications for studies of the faulting process. We demonstrate that measurement of the full displacement profile along fault segments and use of two-dimensional shape parameters (i.e., D avg , D area ) can provide information on rock mass and fault properties beyond that recovered by using only the maximum displacement. The consistent assemblage of characteristics defined for Canyonlands grabens that demonstrate an asymmetric cross-sectional form is applicable also to other grabens in different locations and tectonic regimes and having different scales. Variations in key parameters across the extensional province such as D max demonstrate that displacement vs. length scaling relationships are sensitive to spatial gradients in the strain accommodated by graben faulting, with segment linkage being one manifestation of heterogeneous strain.
APPENDIX 1. STEREOPHOTOGRAMMETRIC DETAILS
Using the PG-2 stereoplotter allowed us to measure highly precise displacement profiles for the entire length of certain graben-bounding normal faults. We concentrated our efforts in the northern part of the Needles District fault zone for three reasons. First, the northern grabens are most accessible for field inspection and are most commonly discussed by other researchers. Second, focusing on one area limited the number of stereophotogrammetric models we were required to calibrate (a timeconsuming process). Third, graben morphology is more clear than in the southern part of the field area where joints appear to die out (McGill and Stromquist, 1979) . The Chesler lineament is roughly the southern boundary for our study. Data for our displacement profiles, along with values for maximum displacement, average displacement, and displacement area, are provided in Moore (1997) .
Data acquired with the PG-2 are very precise (same value every measurement), but not necessarily accurate (measured value equals actual value) because our model is calibrated with the existing U.S. Geological Survey 7.5° topographic maps. Our absolute elevation measurements are diluted by National Mapping standards that only require spot elevations to be accurate to ±25% of the contour interval (J. Messerich, 1997, personal commun.) . Published U.S. Geological Survey topographic quadrangles for the Needles District have 40 ft (~12 m) contour intervals that require spot elevations to be accurate to only ±3 m. This uncertainty produces stereo elevation models with high relative precision sufficient to discuss elevation differences, but the necessarily lower confidence in absolute accuracy complicates the integration of our data into an existing data set (i.e., a digital elevation model) without a correction factor. This correction is required to shift the elevation (z-axis) or tilt the reference plane (x-and y-axes) of the model to correct for absolute elevation errors. The absolute accuracy of our elevations is probably ±10 m (J. Messerich, 1996 Messerich, , 1997 .
Our research focuses on the elevation differences between closely spaced points. We use the instrument to determine relative elevations between discrete points within the model (i.e., scarp height, displacements) and are therefore more concerned with relative precision than with absolute accuracy. Our relative precision in measurements of scarp relief and stratigraphic offsets in the study area, ±2 m, represents a significant improvement over previously published methods of estimating the scarp height that ranged from "dead reckoning" estimates of scarp heights to lowering a rope from the top of the scarp (B. Trudgill, 1996, personal commun.) , in areas with poor access, to estimate the displacement.
With few exceptions, the topography in the Needles District is stratigraphically controlled (McGill and Stromquist, 1979) , and in most cases, offset topography can be considered equivalent to offset stratigraphy (assuming that graben-filling sediments are relatively thin). An exception to this generalization is found in Cyclone Canyon where pregraben stratigraphy differs significantly across the graben (Schultz and Moore, 1996) . This exception may be due to a preexisting structure (i.e., a fault or fold) or to a rollover anticline related to graben formation.
